The cathodic reactions which are involved in the dissolution of iron alloys in solutions typically used in the Caron Process have been investigated by electrochemical methods. The results have confirmed that cobalt(III) ammine complexes are the main oxidising agents but also highlight the important role of thiosulfate. A solid product is deposited on platinum as well as iron electrodes below -0.75 V/SCE and oxidised at more positive potentials. The product is either Ni or Co metal in the absence of thiosulfate or a metal sulfide when thiosulfate is present. The rate of reactions in the presence of thiosulfate is significantly greater than its absence. The probable chemical reactions taking place during leaching in the Caron Process have been revised on the basis of these observations.
Introduction
The recovery of nickel and cobalt by the Caron Process involves reductive roasting, followed by atmospheric leaching of the metallic grains in ammonia-ammonium carbonate solution [1] . It remains a robust, technically advanced process for the treatment of lateritic ores [2] . Much of the nickel and cobalt are alloyed with a portion of iron during the roasting, and hence the chemistry of the extraction of the nickel and cobalt is linked closely with the dissolution and precipitation characteristics of iron [3] [4] [5] .
Recently published results by the authors have shown that iron is prone to passivation in solutions typical of those used in practice [6] and the passivation has been confirmed in the leaching reactors of a commercial operation using the Caron process [7] . This passivation occurs due to the formation of an oxide layer [8, 9] at potentials which can be attained in the presence of high concentrations of dissolved oxygen and/or other oxidants such as cobalt(III) ions [10, 11] . In the presence of thiosulfate, the passivation is promoted by the precipitation of a mixed cobalt/nickel sulfide layer as a result of reduction of thiosulfate in the presence of these ions [7] . Thiosulfate is produced in the industrial leach solution from sulfur which enters the process as a component of the heavy fuel oil used in the reductive roasting treatment [4] . It has also been established that the reduction of water with the evolution of hydrogen is not significant under typical leach conditions [11] and the oxidative dissolution is governed primarily by a reaction involving reduction of cobalt(III) ions [10, 11] . The reduction of oxygen was also found to make a significant but largely indirect contribution to the kinetics of the dissolution process [11] . The reduction reactions which occur on the dissolving iron alloy surface play a major role in the dissolution process. In order to obtain a better understanding of the iron dissolution mechanism and optimize the process, it is important to identify the main reduction reactions and the extent to which they may influence the dissolution of the iron, and therefore the recovery of nickel and cobalt. This is the focus of this paper. M A N U S C R I P T
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Methods and Materials
The electrochemical experiments were carried out using a conventional three-electrode technique with a rotating disc (RD) working electrode, reference electrode and a platinum-wire counter electrode. The reference electrode used was saturated calomel electrode (SCE) and all potentials are reported relative to the SCE (-0.241V versus NHE). Unless otherwise stated, the voltammetry was conducted at a scan rate of 1 mV second -1 . The composition of tests solutions, which were made up to simulate those used in practice, are given in Table 1 and all tests were conducted at a temperature of 45 ºC to reflect plant conditions.
Table 1. Composition of the solutions
It should be noted that cobalt(II) and thiosulfate are both metastable in these solutions in that both can be oxidised by dissolved oxygen. Details of the solution preparation and the experimental procedures used are given in a previous paper [6] .
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Results and Discussion
Cathodic Voltammetry on a Pt Electrode
Linear potential sweeps in a negative direction from the open circuit potential (OCP) were conducted on rotating Pt electrodes in the above solutions. It was considered that the complex solutions would be prone to gradual oxidation upon exposure to air. This was demonstrated at the start of the testwork by conducting voltammetry on Pt in three loaded + thiosulfate solutions after different extents of oxidation. Figure 1 , summarizes the results from tests conducted in a freshly prepared solution kept under N 2 , after partial oxidation by aeration and fully-oxidised.
In all cases, a limiting current is observed at potentials in the region of -0.8 V. In the case of deoxygenated solution, the measured limiting current density is 0.19 mA cm -2 . This small current is probably from reduction of trace amounts of cobalt(III) and possibly thiosulfate. In the moderately oxidised solution, it is evident that the limiting current density increases to 1.43 mA cm -2 . The reaction believed responsible for the increase in current is
The formal reduction potential for this reaction is -0.27 V/NHE at pH 9.9, and the reduction potential under the above conditions, calculated from the Nernst equation, is 0.22 V/NHE or -0.02 V/SCE. This is consistent with the potential at which the observed reduction commences. Application of the Levich equation (with diffusion coefficient of 1 x 10 -5 cm 2 s -1 ) suggests that for limiting reduction of cobalt(III) to cobalt(II), the concentration of cobalt(III) in the solution should be 5.1 x 10 -5 mol dm -3 , which means that 43 % of the cobalt ions present in the moderately oxidised solution would have been oxidised to cobalt(III). In the fully oxidised solution, the limiting current density increases to 3.44 mA cm -2 , which is in agreement with the calculated value from the Levich equation of 3.34 mA cm -2 for a solution in which all of the cobalt ions are in the cobalt(III) state.
Figure 1. Voltammetry on a Pt electrode in loaded + thiosulfate solution with varying extents of oxidation
Voltammograms obtained using other (fully oxidised) solutions are shown in Figure 2 . It is apparent that at the potential (-0.75 to -0.80 V) typical of active leaching of Fe [7] , there are two, or possibly three, limiting current density plateaus in the six solutions.
Figure 2. Voltammetry on a Pt electrode in fully oxidised solutions
According to these limiting currents the solutions can be divided into two main groups depending on the presence of cobalt ions. The greater limiting current in the loaded + thiosulfate (LA+S 2 O 3 ) solution suggests an interaction between cobalt ions and thiosulfate ions which gives rise to a further increase in the cathodic current density. It can also be seen, in both Figure 1 and Figure 2 , that whilst nickel ions in the LA are not significantly reduced on Pt, they possibly also play a role of increasing the current due to the reduction of thiosulfate, particularly below -0.9 V.
The increase in current at potentials below about -0.82 V, which is most evident in the aerated barren (BA) solution, is probably due to the hydrogen evolution reaction (HER) for which the equilibrium potential in these solutions is about -0.83 V. In the solutions containing metal ions, the HER becomes significantly inhibited, most clearly in the solutions containing nickel ions. This is almost certainly due to deposition of nickel and/or cobalt, which have lower exchange current densities for the HER than platinum. As these potentials are below those at which leaching occurs, it is unlikely the HER is involved in the leaching process. , an increase in current is observed at a potential of about -0.92 V. This current could be an indication of a reaction involving reduction of the thiosulfate ions. Figure  3 gives additional curves obtained on Pt in BA+S 2 O 3 aerated solution. The purpose of these measurements was to determine more definitively the possible reduction of thiosulfate [4] in the absence of metal ions at potentials of about -0.75 V, in which region the leaching of Fe and Fe alloys normally takes place [7] .
Figure 3. Voltammetry in aerated barren + thiosulfate solution (successive scans)
The first scan in Figure 3 was conducted immediately after the immersion of the Pt electrode in the solution. It gave a limiting current density of about 1.2 mA cm -2 , at -0.76 V, which gradually decreased in the subsequent scans to a value of about 0.35 mA cm -2 after the third scan. This value is close to 0.43 mA cm -2 which can be calculated for oxygen reduction in aerated solution ([O 2 ] = 2.5 x 10 -4 mol dm -3 , 200 rpm and diffusion coefficient of 2 x 10 -5 cm 2 s -1 ). The higher current density in the first scan is observed on a freshly polished electrode surface and is possibly due to reduction of thiosulfate to an unconfirmed product which appears to inhibit further reduction. Possible reactions for thiosulfate reduction are
Standard reduction potentials for these reactions are 0.21 and -0.04 V/NHE, respectively. The reduction potentials were calculated for the actual test conditions and they are -0.39 and -0.65 V/SCE, which is above the -0.93 V observed in the figures. It is unlikely that reduction to HS -will occur without S as an intermediate. Thus reduction of thiosulfate is thermodynamically possible at a potential of -0.93 V and less.
The current again increased sharply at a potential of around -0.93 V, in response to what is believed to be either HER or reduction of thiosulfate ions. The extent to which each reaction plays a role in the observed current increase in the absence of metal ions may need to be established by further testwork.
Cathodic Voltammetry on Fe, Ni, Co and Cu Electrodes
The results of cathodic linear sweep voltammetric experiments with the above solutions on Fe, Ni, Co and Cu electrodes are given in Figure 4 to Figure 8 . It should be noted that some of the test solutions containing cobalt ions, such as the aerated barren + Co and aerated loaded (LA), were not fully oxidised. In these cases, the measured limiting current densities are somewhat lower than would be expected for solutions which are fully oxidised and therefore cannot be compared in terms of the limiting current density. The results show that the observed limiting current densities for reduction of dissolved oxygen on the different electrodes are similar, i.e. between -0.2 and -0.4 mA cm -2 ( Figure 4 and Figure 5 ). As expected, the limiting current densities increase significantly with the addition of cobalt ions ( Figure 6 , Figure 7 and Figure 8 ). The curve for nickel is shifted towards more negative potentials in the presence of thiosulfate. This is consistent with the depolarising effect thiosulfate ions have on the oxidative dissolution of nickel observed previously [6] .
Also, it appears that the reduction of oxygen on nickel follows a sequential mechanism in which the first step possibly involves reduction of oxygen to peroxide followed by reduction to water at lower potentials ( Figure 4) . Addition of thiosulfate, however, appears to inhibit the first step and a single wave is observed in the presence of thiosulfate ( Figure 5 ). Another interesting point regarding the effects of thiosulfate is that the HER on iron in the absence of thiosulfate is considerably more reversible than on the other metals under these conditions but is subject to inhibition in the presence of thiosulfate. Reduction of thiosulfate or the HER below about -0.9 V is similar on all electrodes, and reduction of cobalt(III) is similar on all electrodes as shown in Figure 6 .
Cyclic Voltammetry (CV)
A series of cyclic voltammograms were performed on the Pt electrode in order to gain more understanding of the likely oxidation and reduction reactions taking place on the surface of the various metals in the solutions. In each of these tests, the potential scans were initiated in a negative direction from the OCP at a scan rate of 10 mV s -1 . The negative potential limits differed in each case. Figure 9 shows several successive scans performed on platinum in an aerated barren + Ni solution. The increase in the current below -0.8 V is due to the HER on platinum together with the deposition of nickel. The lower currents on the reverse sweep are due to the reduced reversibility of the HER on nickel compared to platinum. The small anodic peak at about -0.55 V could be due to partial anodic stripping of the deposited nickel by reactions such as
The formal reduction potential for this reaction can be calculated to be -0.88 V under the conditions of the experiment which is in agreement with the observed results in Figure 9 .
Figure 9. Voltammetry of Pt in aerated barren + Ni solution
The second negative sweep reveals a negative shift of about 100 mV for the HER on platinum, suggesting that there is still nickel on the surface of the platinum and the corresponding anodic sweep now consists of two peaks. After a third sweep limited to a potential more positive than that for the HER, the anodic peak at -0.55 V is no longer present. It is suggested that this peak is possibly due to oxidation of hydrogen adsorbed in the deposited nickel while the peak at more positive potentials is due to the anodic stripping of nickel metal. Partial passivation of this anodic reaction prevents complete stripping of the deposited nickel which accounts for the loss of activity for the HER reaction during subsequent sweeps.
Similar results were obtained with a solution containing cobalt ions, as shown in Figure 10 . The cathodic limiting current of about -3 mA cm -2 is consistent with the results in Figure 2 and Figure 7 as being due to the reduction of cobalt(III) to cobalt(II). The curves at potentials below -0.9 V are similar to those for the solution containing nickel, with the HER occurring initially on a platinum surface but being replaced by that on a cobalt surface following deposition of cobalt by the reverse of the reaction Co + 5NH 3 → Co(NH 3 ) 5 2+ + 2e -The formal reduction potential for this reaction is -0.89 V under the conditions of this experiment. The lower overpotential for the oxidation of the deposited cobalt and the lack of noticeable passivation (as evidenced by the appearance of peaks for the HER in subsequent scans and the greater anodic charge during stripping) are consistent with previously published data on the behaviour of nickel and cobalt [6] .
Figure 10. Voltammetry of Pt in aerated barren + Co solution
As could be expected, use of a solution containing both nickel and cobalt ions results in voltammograms displaying characteristics of both metals, although alloy formation between the deposited metals gives rise to slightly different stripping peaks as shown in Figure 11 . It should be borne in mind that the nickel ion concentration was approximately ten-fold that of cobalt in the solution.
Figure 11. Voltammetry of Pt in aerated loaded solution
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6 Figure 12 shows successive scans performed on platinum in the loaded + thiosulfate solution which has a composition typical of that used in the commercial leaching process. In addition to a small cathodic peak (C) at -0.75 V on the first scan, the most important difference as a result of the addition of thiosulfate is the increased current at potentials below about -0.9 V. The charge involved in the cathodic reactions correlates roughly with the charge under the subsequent anodic peaks (A and B) both of which are considerably higher than those in Figure 11 .
Figure 12. Voltammetry of Pt in aerated loaded + thiosulfate solution
These observations suggest that a solid product(s) is formed during reduction at potentials below about -0.9 V which is oxidised during the subsequent positive sweep. It is believed that the solid product in this case, however, is no longer metallic, but a metal sulfide resulting from a reaction involving reduction of thiosulfate such as
both of which could be expected at potentials below -0.6 V. Such cathodic reactions could be expected to enhance the overall rate of dissolution of iron alloys in the initial stages of leaching. The corresponding anodic peaks would therefore be associated with the oxidation of the metal sulfides by reactions such as
On the basis of these reactions one could expect the anodic charge to be twice that of the cathodic charge. However, the ratio is closer to 1 and it therefore appears that the reverse of reactions (5) and (6) above may be responsible for the anodic peaks. It is also possible that at least some elemental sulfur is formed as an oxidation product. It is not possible to establish whether peaks (A) and (B) are due to different reactions given the very different magnitudes and probable uncompensated voltage losses both in solution and in the solid film.
In a separate test, a platinum electrode was held in an aerated loaded + thiosulfate solution at -0.74 V, for one hour, after which the surface was examined using a Philips XL20 scanning electron microscope (SEM) and its composition analysed by Oxford Link ISO 9001 energy dispersive X-ray spectroscopy (EDS). Images of the surface at two magnifications are shown in Figure 13 . The average atomic composition of the surface layer is given in Figure 14 .
Figure 13. Surface of Pt after 1 hour in aerated loaded + thiosulfate solution at -0.74 V, at magnifications: a) x640 (----------------50 µm) and b) x5120 (-----------5µm) Figure 14. Average atomic composition of the surface
It is apparent that the surface layer is composed of sulfur, nickel and cobalt in addition to the ubiquitous carbon (carbon tape used to decrease charging) and oxygen. This finding confirms the suggestion that a metal sulfide layer forms by reduction of thiosulfate in the presence of nickel and cobalt ions. The Ni:Co:S atomic ratio (0.3:0.17:0.51) almost strictly represents a mixture of NiS + CoS. In view of the previously published results [7] in which the composition of a product layer formed on metallic iron in a de-oxygenated solution of the same composition was found to contain more cobalt than nickel, the higher concentration of Ni in the present case may be related to somewhat different potentials in the two cases.
Conclusions
The cathodic reactions taking place at potentials close to the mixed potential, during the leaching of pre-reduced ore in the Caron process, have been investigated using solutions of composition similar to those used in commercial practice. The results reveal that the main oxidising agent involved in the dissolution of nickel, cobalt and iron in ammonia-ammonium carbonate solutions is cobalt(III) ions.
Cyclic voltammetric experiments with several solutions and electrode materials have been used to characterize both the cathodic reactions which involve reduction of dissolved oxygen, cobalt(III) ammine ions and nickel ions as well as the subsequent anodic oxidation reactions of the products of reduction. The products of reduction are predominantly Ni or Co metal in solutions containing the corresponding metal ions. However, when thiosulfate is present, a sulfide layer is formed from a reaction involving reduction of the thiosulfate in the presence of these metal ions. Analysis of the surface layer has confirmed the presence of nickel, cobalt and sulfur. This additional cathodic reaction could be expected to enhance the overall rate of dissolution of the iron alloys in ammoniacal carbonate solutions.
On the basis of these results the likely chemical reactions taking place during leaching of prereduced alloys in the Caron process have been suggested all of which are consistent with thermodynamic predictions. 
